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Appl ica t ion  of Luminescence Spectroscopy t o  t h e  Analys is  of Fuels  

Harold F. Smith 

Perkin-Elmer Corporation, Norwalk, Connect icu t  

Luminescence spectroscopy is based on t h e  absorp t ion  and re- 
emission of l i g h t  by a molecule, ion o r  atom. I t  is  of g r e a t  a n a l y t i c a l  
u t i l i t y  because the  emit ted l i g h t  is c h a r a c t e r i s t i c  of t h e  e l e c t r o n i c  
s t r u c t u r e  of t h e  emi t t i ng  species .  The phenomenon of luminescence is  
n o t  a newly d i s c o  ered one. The f i r s t  monograph on luminescence was 
w r i t t e n  by L i c e t i '  i n  1640. 
cence c h a r a c t e r i s t i c s  of qu in ine  s u l f a t e .  
t h a t  i n  a l l  ca ses  t h e  l i g h t  emit ted from a molecule was a t  longer 
wavelengths than t h a t  which it absorbed. H i s  observa t ion  was termed 
t h e  "Stokes s h i f t "  2nd has  s i n c e  become w e l l  understood. I n  1895 
Weidman and Schmid t  and i n  1907 S t a r k  and Mayer5 r epor t ed  t h e  f i r s t  
systematic  s tudy on luminescence of aromatic molecules. 

I n  1845 Herschel2 re o r t e d  0x1 t h e  lumines- 
Stokes5 i n  1852 observed 

Lomme16 i n  1877 f i r s t  r epor t ed  on t h e  quanfum e f f i c i e n c i e s  Of 
c e r t a i n  molecules,  and i n  1907 Nichols and Merr i t t  d i scussed  t h e i r  
observa t ions  of t h e  i n t e r e s t i n g  "mi r ro r  image" r e l a t i o n s h i p  between 
absorpt ion and emission s p e c t r a .  From t h e  preceding observa t ion  it 
i s  apparent t h a t  t h e  luminescence p r o p e r t i e s  of molecules' have been 
known f o r  a long t i m e .  The success fu l  e x p l o i t a t i o n  of luminescence 
had t o  wa i t ,  however, u n t i l  o t h e r  a r e a s  o f  technology were s u f f i c i e n t -  
l y  advanced t o  p e r m i t  t h e  observa t ion  and measurement i n  a c o n t r o l l e d  
and q u a n t i t a t i v e  manner. 

That f luorescence  and phosphorescence techniques  a r e  being 
accepted r a p i d l y  i n  a l l  a r e a s  of a n a l y t i c a l  chemis t ry  i s  emphasized 
by r e f e r r i n g  t o  t h e  1964 and 1966 Ana ly t i ca l  Chemistry Annual Reviews'" 
covering t h e  four-year per iod  from December 1961 t o  December 1965, i n  
which 1,049 r e fe rences  t o  a l a r g e  v a r i e t y  of a n a l y t i c a l  a p p l i c a t i o n s  
o f  f luorescence  and phosphorescence are contained.  

Before proceeding i n t o  the  d i scuss ion  of s p e c i f i c  app l i ca t ions  
o f  f luorescence and phosphorescence, t h e  r eLa t ionsh ip  of t h e s e  phen- 
omenon t o  each o t h e r  and t h e  absorp t ion  process  should be shown 
(Fig.  1). 

determine two d i f f e r e n t  k inds  of s p e c t r a  (Fig.  2 ) .  The d i f f e r e n c e  
between t h e s e  two s p e c t r a  is  t h a t  t h e  emission spectrum i s  obtained 
by s p e c t r a l l y  record ing  t h e  l i g h t  emi t ted  from a sample wh i l e  being 
exc i t ed  by some s e l e c t e d  wavelength of l i g h t .  An e x c i t a t i o n  spectrum 
on t h e  o t h e r  hand i s  obta ined  by measuring t h e  i n t e n s i t y  of emit ted 
r a d i a t i o n  from a sample a t  a s p e c i f i c  wavelength a s  t h e  e x c i t a t i o n  
l i g h t  is v a r i e d  cont inuously.  

I n  both f luo rescence  and phosphorescence spectroscopy one may 

For example, F igure  3 ,  t h e  abso rp t ion  spectrum of a 1 ppm 
anthracene  s o l u t i o n ,  and Figure  4, t h e  e x c i t a t i o n  and emission s p e c t r a  
of t h e  same sample, show g r e a t  s t r u c t u r a l  s i m i l a r i t y .  The emission 
bands a r e  a l l  a t  longer  wavelength than the abso rp t ion  band, b u t  t h e  
e x c i t a t i o n  bands f a l l  a t  e x a c t l y  the same wavelength a s  t h e  absorption 
bands.' A s i g n i f i c a n t  p o i n t  i s  t h a t  t h e  e x c i t a t i o n  spectrum of a mole- 
c u l e  g ives  the  same in format ion  a s  i t s  abso rp t ion  spectrum. 
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Ex3erimental 

All standard s m p l e s  were pr2:jzed using reagent grade anthra- 
cene and naphthalene a f t e r  rec,rygt&;lization from a sa tura ted  hydro- 
carbon. The matrix was made fron + '50 /50  volune/volume mixture of to l - '  
uene and o-xylene, spec t roqual i ty  fzs;:: :*:atheson, Coleman and Bell. 

The s?ectra  were run oa a ~Lia~hi-Perl<in-Elmer MPP-2A Fluores- 
cence Spectrophotometer. High quali-cy, low-fluoresc,ence, s i l i c a  
saiiple c e l l s  w e r e  used f o r  obtaining the data .  

3isccssion of Results 

A sample containing 10 ppm naphthalene and 10 ppm anthracene 
i n  the  matrix was prepared and the  q u a l i t a t i v e  emission spec t ra  of 
t he  sample determined a t  severa l  exc i ta t ion  wavelengths. Figure 5 
shows the  emission spec t r a  obtained from the  sample exci ted a t  270mw 
and a t  280mi;. The pr inc ipa l  eniss ion,  Spectrum A ,  i s  observed i n  the  
region between 360 and 440mw, wit;? a low i n t e n s i t y  emission band i n  
the  300 t o  3 4 0 ~  range. The emission between 380 and 44Qmw a r i s e s  
from the anthracene whereas t h a t  i n  t h e  300 t o  340mw region a r i s e s  
from the naphthalene. Spectrum B i n  +Ais f igu re  was taken from the  
sample without reiioving it from the instrument. The only change 
was the  exc i ta t ion  wavelength from 270 t o  2 8 0 ~ .  Some ra the r  dramatic 
changes in  the  spectrum a re  evident. The ove ra l l  i n t ens i ty  of both 
band systems has been increased g rea t ly  and the  r a t i o  of t he  naphthalene 
t o  anthracene emission has  completely reversed. It  is apparent from 
t h i s  spectrum t h a t  one could e a s i l y  determine the  concentration of 
each of these components independently of t he  o ther  i n  t h i s  aromatic . 
matrix. One cannot do such an ana lys i s  by absorption spectroscopy. 

The spectrum ,shown,in Figure 6 was from the sample excited a t  
2 9 0 ~ .  In  t h i s  case  t h e  naphthalene in t ens i ty  continued t o  increase 
sharply,  whereas the anthracene decreased. The spec t r a  shown i n  
Figure 7 show the  anthracene i n t e n s i t y  increasing and the  naphthalene 
i n t e n s i t y  fading. The S p e c t r m  2- was produced by exci t ing  t h e  sample 
at 300mp whereas Spectrum B was pzoduced by the  310mp exc i ta t ion .  

The  series of spec t r a  sl-.own in 'F igu re  8 w e r e  run while ex- 
c i t i n g  with 320, 330 and 340m~ exc i ta t ion  respec t ive ly  and i n .  these 
spec t ra  a l l  evidence of naphthalene presence was l o s t .  The s igni f -  
icance of the behaviour noted i n  Z'igures 6, 7 and 8 is t h a t  one C a n  
take a n ix ture  of a rona t i c  hydrocarSoas and produce d i f f e r e n t . s p e c t r a  
dependent on the wavelength of exc i ta t ion .  
p r i a t e  exc i ta t ion  wavelengths, one can emphasize the  presence of one 
component r e l a t i v e  t o  the o thers  aiid i n  many cases  completely el iminate  
the  appearance of any component o ther  than the  one of s p e c i f i c  i n t e re s t .  

By choosing the  appro- 

O u r  next po in t  of concern was a b i l i t y  t o  se l ec t ive ly  excite 
the three aromatic types, benzene, naphthalene and anthracene,. individ- 
ually. Tor t h i s  experiment t he  sample containing 10 ppm naphthalene 
anti 1 0  ppm anthracene in  the o-xylene-toluene matrix was d i lu t ed  1:lOO 
with isooctane giving concentrations o f .  0 .1  ppm naphthalene, 0 .1  ppm 
ar.t;?racene and 1% o-xylene-toluene. *he . s e r i e s  of three spec t ra  showr.' 
i n  i'iwres 9. 10 and 11 w e r e  obtain& by exc i t ing  t h i s  so lu t ion  with 
'2C,  290 m d  3 5 0 ~ .  r ad ia t ion  respect ively.  Figure 9 shows the c i i s s i o n  
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spectrum of the benzene-type aromatics.  
and Figure  11 i s  that of anthracene. 
i d e n t i f y  t h e s e  t h r e e  a romat ic  types , b u t  can de termine  t h e i r  approximate 
coficentrat ion by simply a l t e r i n g  t h e  e x c i t a t i o n  wavelength and measuring 
t h e  emission from each aromatic type independently of t h e  o t h e r s .  

While t h e  d a t a  shown'in the preceding  d i scuss iun  i n d i c a t e  t h e  
q u a l i t a t i v e  a p p l i c a b i l i t y  of luminescence spec t roscopy t o  t h e  basic 
types of a romat ic  molecules found i n  petroleum and c o a l  based f u e l s ,  
it does n o t  provide  an i n s i g h t  i n t o  t h e  use fu lness  o f  the technique 
f o r  q u a n t i t a t i v e  a n a l y s i s .  Hercules has  shown t h a t  luminescence 
i n t e n s i t y  and concen t r a t ion  are related as follows: 

Where abc are t h e  molar a b s o r p t i v i t y ,  cel l  pa th  and concen t r a t ion  
r e spec t ive ly :  f ( 0 )  is  t h e  s o l i d  angle  o f  i n t e r c e p t i o n  of r a d i a t i o n  
by t h e  d e t e c t o r :  g is t h e  quantum conversion f a c t o r  f o r  t h e  de- 
t e c t o r  which is  a l h h t i o n  of wavelength: I is t h e  i n t e n s i t y  of t h e  
e x c i t i n g  r a d i a t i o n  and Of is  t h e  quantum e fy ic i ency  of the molecule. 
There a r e  two concen t r a t ion  regions where t h i s  arrangement may be 
g r e a t l y  s i m p l i f i e d .  The one o f  g r e a t e s t  i n t e r e s t  t o  t h e  a n a l y t i c a l  
chemist  is  t h e  one i n  which t h e  concen t r a t ion  of f l u o r e s c e n t  m a t e r i a l s  
is small. I n  such case  abc 0.05. This  allows u s  t o  w r i t e  Equation 

F igu re  1 0  i s  t h a t  of naphthalene 
One n o t  on ly  can q u a l i t a t i v e l y  

c. 

S V ) ~ = ( ~ J ~ [ ~ ) L  & d t C I I -  T +  k BL e----* CW+II! 3. 

From t h i s  equat ion  it may be s e e n  t h a t  t h e  r e l a t i o n s h i p  between f l u o r -  
escence i n t e n s i t y  and concen t r a t ion  w i l l  b e  l i n e a r  through a p o i n t  of 
maxinium ccncen t r a t ion ,  Cmax =0.05,where (a) i s  t h e  molar a b s o r p t i v i t y  

of t h e  compound a t  t h e  wavelength of e x c i t a t i o n .  I t  should  be empha- 
s i z e d  t h a t  t h i s  concen t r a t ion  i s  n o t  t h e  maxiinurn a t  which u s e f u l  d a t a  
nay b e  obtained.  Beyond t h i s  l e v e l  t h e  curve  r e l a t i n g  f luo rescence  
i n t e n s i t y  t o  concen t r a t ion  i s  n o t  l i n e a r .  A c a l i b r a t i o n  curve  r e l a t i n g  
concen t r a t ion  t o  f luo rescence  i n t e n s i t y  can be used t o  extend t h e  range 
of u s e f u l  a n a l y s i s  over a t  l e a s t  another  o rde r  of magnitude. 

The o t h e r  extreme cond i t ion  where equat ion  one may be s i m p l i f i e d  
is t h a t  of ve ry  h igh  concen t r a t ion  o f  absorb ing  and e m i t t i n g  molecules 
such t h a t  the abso rp t ion  o f  i n c i d e n t  r a d i a t i o n  is almost complete. I n  
t h a t  case, equat ion  one may be reduced t o  

(a)hb h 

(SF)? = f[e)(#4 (3F 
showing t h a t  t h e  d e t e c t o r  s i g n a l  is  independent of f l u o r e s c e r  concen- 
t r a t i o n .  Th i s  cond i t ion  is impor tan t  i n  determining quantum e f f i c i e n -  
cies f o r  quantum coun te r s  and s c i n t i l l a t i o n  counters .  Analys is  under 
t h e s e  cond i t ions  is most e f f e c t i v e l y  done by us ing  f r o n t  s u r f a c e  i l lum- 
i n a t i o n  and viewing of t h e  sample. With t h i s  geometry, p e n e t r a t i o n  
e f f e c t s  and s e l f - a b s o r p t i o n  problems a r e  minimized. T h i s  geometry 
is g e n e r a l l y  r e q u i r e d  when t h e  f luo rescence  o r  phosphorescence spectrum 
o f  a s o l i d ,  opaque o r  h i g h l y  t u r b i d  sample is  analysed. Using t h e  
f r o n t  s u r f a c e  viewing geometry even raw crude  o i l  samples may be 
e x c i t e d  and t h e i r  lumincscence observed. 

As i n d i c a t e d  by t h e  terms i n  Equation (1) there is an i n t e r -  
mediate concen t r a t ion  range  f o r  each absorber  and f l u o r e s c e r  a t  which 
t h e  i n t e n s i t y  Concent ra t ion  r e l a t i o n s h i p  w i l l  become non l inea r .  One 
g e n e r a l l y  observes  t h a t  t h e  f luo rescence  i n t e n s i t y  approaches a l i m i t -  
i n g  va lue  as the concen t r a t ion  is increased.  The p r i n c i p a l  p recau t ion ,  
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t;:iea Cor 'cr,un;i.:l.h.tive analysis  

is t o  r e a l i z e  t ; ia t  there  is c rar.5.e akwe which the coilcentration in- 
' icnsity curve w l i l  becone noni inear ,  a d  i f  it i s  rccpircd t o  work i n  < ,  
t he  nonl inear  region, a s u f f i c i e n t  nurber of standard po.ints be taken 
t o  'accurately descr ibe t h e  i n t e n s i t y  concentration curve. 

0 

I1 naphthalene and anthracene i n  Figures 1 2  and 13. 
were prepared in, 0-xylene-tolaene ixGkrix. 
anthracene. The anthracene s-kandazds v7c're prepared i n  t h e  same matrix I 

and each containeci 10 ppmof naphthtie5e.  The curves ar,e practical-ly 
l i n e a r  i n  t h e  lower concentrat ion range; but begin,  t o ,  deviate 'from--- \ 

l i n e a r i t y  a t  the higher _ _  . . -' .. .., - .,_ .i ..Lsa~~+.:.- p 3 i n t s  be t aken  I 

I n  order  f o r  a m e  ~ e r r e n t  ' technique ..to benusefub .for quanti- 

! - .  cLiL-L, i.., ._ ..~-.~. . . - -" -. L:&-LL;-2s 

. .  . , - . . . .  - . . __- - . 
Curves showing the  i n t e n s i t y .  concentration r e l a t ionsh ip  for 

The aaphthalene s tandards 
Each contained 10 ppm 

of the range. . , ';c >,,<> 1' , 'I' 
. .  

' t a t i v e  ana lys i s ,  s t a b i l i t y  of t h e  measurement system must be such 
t h a t  good. r epea tab i l i t y '  is .possible. .-UnfortunaLolyy !tliecfeeXs,ngcexists. . 
that fluorescence measurement is :imprecise..; Admittedly. , .r th~,~lhasl  b e e n i a ~ d s  
tr.uc ~n.~m~y-icases,-bu~oi. t-waS:;aniequipment r , a ~ i e r o ~ ~ . r j a c i t B e h ~ ~ ~ e  
1 inkta-tiolit. 
t h ree  s p e c t r , a  ;of ,a' 10 p2b ariithr,gcene - s ~ ~ p l e ~ ~ ~ e c s u p e ~ i m ~ ~ s ~ ~ ~ c ~ O ~ e l l y  
i?ould :be .:h tiidpress ea cto. cshow, :bet te r  ..r.qp+atab i b 5 Q t i J b ~ o a r i ~ v d e r  from 
analyi;ic+it;technique; : &-r.< 0: the L-L.:CC~ 

{ I  
E iyur,e -14- :..shows ;;in ;.exiUTipl e,of pxc:gl.l-edt inep&atab$l?ityfr i x  

. '  '--~,cr.t techr:ic,Jc to be u s e f u l  for quanti- 
.- L ~ . C  r . ~ ~ ? ~ . r c . . e n t  system must be .such 

., L i L . a i . n e s . c c n c e ' s p c c t r o s c o ~ ~ ~ ~ a s  b r ~ o ~ d , r a p p l . i . c a k l o ~ h $ n f ~ e i a r 3 a ~ . ~ ~ t s : s .  
of I . f u Q l s  r ,anacl.el.a~eb,pr,oducts.. lsA1k;aronabic ty:pes.tar;~ysubidcthto been 
analyd is 1 b y  fluorescencd ;or:.phosphocdscencerc::Lt.~i-is.nppss~i~1.c~b~q~s,ing 
thc incr  men t a l  exc i ta t ion . .  technique *,to OWiairi ;.Spectra. cof aeaklildrcpat i c  
tyae  c s i q l e t e l y  i n d e p c r , j c n . ~ r . o ~ r t h e : . o t h e r s ~ l p r e s e n ~ u ~ n d ~ . ~ t ~ e ~ ~ f o r ~ ~ ~ ~ o r e  
e f f e c t i v e l y  -a?alyzedfoc co2qonents ;-of imixtur,e5 i t s  by any other 

~ . ,. :i .. L C L L 2  
1 
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